I. Introduction
It is known that heavymeta ls have a toxic effect on living organisms through their action on enzymes of the metabolic chain. The discharge of those compounds into nature leads to the requirement for methods that can monitor them in low concentrations for their control in the environment (Gu et al., 1999; Schubnell et al., 1999) . Heavy metals are usually determined by sophisticated techniques like ionic chromatography, mass spectrometry, inductively coup led plasma, and polarography, which need to be carried out in laboratories after sampling. These methods are not suitable for continuous monitoring in the environment (Rogers and Gerlach, 1999) . Heavy metals can also be determined with ion-sensitive electrodes; however, the electrode selectivity and response cannot be associated with the toxicity impact of those chemicals. Therefore, enzyme sensors have been studied and constructed for determination of inhibitors (Gayet et al., 1993; Cowell et al., 1995) ; they are based essentially on the inhibition of purified enzymes like urease, cholinesterase, and cytochrome oxidase (Tran-Minh, 1985; Albery et al., 1990) . To provide inexpensive biosensors for environmental control, the enzyme purification step needs to be avoided and enzymes are kept as such in their natural system to ensure a better lifetime (Samson and Popovic, 1988; Rechnitz and Ho, 1990) . This approach was adopted with the use of alkaline phosphatase located on the external membrane of the whole cell Chlorella vulgaris for direct determination of heavy metals. On the other hand, this enzyme, which plays a key role in phosphate metabolism, is easily accessible to pollutants since it is attached to the outer part of the cell membrane. In vivo inhibition of this enzyme reflects the natural deletorious effect of toxicants on microalgae and represents a real ecological interest considering that algae are involved in the primary step of the food chain.
II. Material and Methods
2 I II I. .1 1. . A Al lg ga al l M Me em mb br ra an ne e P Pr re ep pa ar ra at ti io on n The Chlorella vulgaris strain (CCAP 211/12) was purchased from The Culture Collection of Algae and Protozoa at Cumbria, United Kingdom. The axenic algal strain was grown in the culture medium and under conditions described by the International Organization for Standardization (ISO, 1989) . To induce a high alkaline phosphatase concentration in the algal cell, the algal solution was centrifuged and the pellets were resuspended in phosphate-free medium to starve the algal cells for 25 days which corresponds to maximal enzyme activity. This resuspension was carried out under the same conditions and with the same culture medium as that used previously for the growth of this strain except there were no phosphate ions. Although the medium did not contain any phosphate, an increase in cell density was observed, particularly at the beginning of the subculture period, due to the consumption of the phosphate remaining in the cell. This phosphate consumption induces an increase in alkaline phosphatase specific activity. Two milliliters of the resulting aliquot was then filtered on a glass microfiber filter (GF/C Whatman, 45.7-mm filter diameter, 1.2-mm pore diameter). Punching this filter provides small disks (8mm in diameter) which can be fitted to the optical transducer later. A value of 0.73 g/L dry wt was obtained after the filter had been dried for 2 h at 1051C and placed in a desiccator for 0.5 h. I II I. .2 2. . O Op pe er ra at ti in ng g P Pr ri in nc ci ip pl le e Determination of alkaline phosphatase (AP) activity is carried out with methylumbelliferoyl phosphate (MUP) as substrate dissolved at various concentrations in a Tris-HCl (0.1M, pH 8.5) buffer solution containing 1mM MgCl2. This solution is referred to as MUP solution hereafter. MUP was purchased from Sigma; other chemicals from Merck. The reaction product methylumbelliferone (MUF) is fluorescent:
AP activity can easily be measured from the MUF fluorescence emission (460nm wavelength) under excitation light (350nm wavelength) when the MUP solution is brought into contact with AP. This can be done either by adding the MUP solution into the microplate wells containing C. vulgaris or by injecting the MUP solution into the carrier stream leading to an algal biosensor. In the latter case, an optical fiber is required to send the excitation light to the algal membrane and to collect the fluorescence radiation up to the fluorometer. Since flow injection analysis (FIA) technique is involved, AP activity is determined from peak area (or peak height) corresponding to the concentration of substrate injected. For inhibitor determination, a given amount of heavy metal is introduced into the MUP solution to have the required concentration. A reduction in peak area or peak height is observed with use of the inhibitor solution. I II I. .3 3. . C Co on ns st tr ru uc ct ti io on n o of f t th he e A Al lg ga al l O Op pt ti ic ca al l B Bi io os se en ns so or r The biosensor was constructed with a removable algal membrane placed in a 1-mL homemade flow cell (Naessens et al., 2000) . Opposite the membrane, a bifurcated bundle of randomized optical fibers was oriented so that the incident light hit the upper part of the membrane and the resulting fluorescence could be collected by the corresponding fibers and transmitted to the Spex Fluorolog 2 fluorometer (from Jobin-Yvon) equipped with a microcomputer for data recording. This device was quite suitable for the assay under FIA conditions which require a very small amount of substrate for measurement of enzyme activity.
III. Results
I II II I. .1 1. . I
In nd du uc ct ti io on n o of f A Al lk ka al li in ne e P Ph ho os sp ph ha at ta as se e AP activity in algal cells can be increased by inducing its production with the starvation method. This activity is measured with a batch system under air-saturated conditions. Enzyme activity was plotted as a function of time during the starvation period to assess the maximal specific activity (Figure 1 ). This sigmoid curve shows that at least 25 days of subculture is required to attain maximal activity. This time was used in our experiments. I II II I. .2 2. . E Ef ff fe ec ct t o of f S Su ub bs st tr ra at te e C Co on nc ce en nt tr ra at ti io on n The configuration of the FIA manifold used is shown in Figure 2 . AP activity of algae immobilized on the biosensor is determined with different substrate concentrations. Two substrates can be used: p-nitrophenyl phosphate (pNPP) and MUP. The former produces pnitrophenol, which absorbs at 405 nm, and the latter gives MUF, which fluoresces at 460 nm. The second substrate was chosen for its higher sensitivity and its simplicity in biosensor design. The substrate MUP was placed in a Tris buffer solution (0.1 M, pH 8.5) containing 1mM MgCl2 as enzyme activator, and AP activity was measured in terms of fluorescence intensity from the biosensor response. Various substrate volumes to be injected in the carrier stream were tested: a volume of 0.5mL represents a good compromise to achieve an acceptable response time and good repeatability. A flow rate of 8.4 mL.min-1 was also used for the same reasons. Enzyme activity was determined from the fluorescence measurements in the presence and absence of metal in the 0.1mM MUP solution which nearly corresponds to the maximal velocity of the enzyme. When the substrate solution containing the metal is injected, the enzyme is inhibited, and peak area and peak height are reduced. A percentage of enzyme inhibition is introduced to emphasize the biosensor response to heavy metals as inhibitors while reducing experimental variations. It is defined as a ratio of the biosensor response in the presence of a heavy metal to the response in the absence of inhibitor. These responses can be compared with the results obtained with a microplate reader (Figure 4) .
IV. Discussion
The responses of the algal biosensor using immobilized alkaline phosphatase to cadmium and lead are in agreement with the results obtained with a microplate reader based on the inhibition of the same enzyme system. This means that the technique can be extended to other heavy metals such as nickel, mercury, copper, zinc, and chromium that inhibit algal alkaline phosphatase. Heavy metals also inhibit algal growth (Vasseur and Pandard, 1988 ) but this process was not taken into account in these measurements because in this enzyme inhibition based method, determination of peak areas of peak heights in the presence and absence of heavy metals was carried out with a single algal membrane and consequently with the same amount of algae. Therefore, only specific AP activity of Chlorella is concerned in the biosensor response. In addition, use of the percentage inhibition provides a reliable response that does not depend on algal strains. It also reduces the effect of long-term enzyme activity loss. Alkaline phosphatase was induced to have maximal activity: this procedure allows the use of a smaller amount of C. vulgaris and the deposition of a thinner layer, which favors a fast response time. However, an optimal enzyme concentration is needed to improve the inhibitors detection limits (Tran-Minh, 1985) . The range of toxic concentrations detected with this biosensor makes it more suitable for determination of heavy metals present in waste water rather than surface water. Other experiments conducted in our laboratory have shown that this enzyme sensor is not sensitive to herbicides because AP is not inhibited by these compounds. Therefore, inhibition of algal photosynthesis cannot be assessed with this enzymatic technique. When herbicides are present together with heavy metals, only the latter is detected with this biosensor. The biosensor response also depends on substrate concentration for a given concentration of heavy metal used as inhibitor. High substrate concentrations corresponding to the maximal rate of the enzyme often reduce enzyme dependence on substrate concentration. However, those concentrations cannot be used for enzymes that are inhibited by an excess of substrate, which interferes with the metal detection also based on enzyme inhibition. An optimal substrate concentration should then be determined from the activity-substrate curve. Flow injection analysis associated with a biosensor provides repeatable results along with a low consumption of substrate. The system can easily be automated for the biosensor to operate in continuous monitoring.
V. Conclusion
Biosensors using immobilized enzymes present in whole cells have potential advantages for determination of toxic compounds as AP inhibitors. The enzyme remains in its natural environment which favors long-term stability and reflects the mechanism of toxic inhibition, being therefore of ecological interest. Biosensors based on inhibition of algal alkaline phosphatase are sensitive to heavy metals; they are complements to those based on photosynthesis inhibition designed for herbicide determination (Naessens et al., 2000) . 
